ABSTRACT The experimental induction of leukemias of two sorts by two powerful chemical carcinogens was investigated in rats of a single strain. In Sprague-Dawley rats a series of intravenous injections of N-nitroso-N-methylurea selectively elicited myelogenous leukemia in high yields, whereas erythroleukemia was not evoked. Conversely, a set of intravenous injections of 7,8,12-trimethylbenz[a]anthracene specifically elicited erythroleukemia in high incidence in the rats, whereas myelogenous leukemia was not produced.
In the experiment now to be described sets of massive but generally tolerable doses of two powerful carcinogens, N-nitroso-N-methylurea (NMU) and 7,8,12-trimethylbenz[a] anthracene (Me3BA), were given by intravenous (i.v.) injection to albino rats of the Sprague-Dawley (S-D) strain. Throughout the experiment each group of rats received multiple doses of a single carcinogen-"one rat, one compound." It was found out that Me3BA preferentially elicited erythroleukemia (EL), whereas NMU selectively elicited myelogenous leukemia (ML).
The mammary acini of young female S-D rats are foremost among cells of living creatures in their susceptibility to the induction of cancer by chemical carcinogens or irradiation (1) . In an earlier experiment (2) a single injection of NMU or Me3BA was given to young rats. (i) Fourteen female S-D rats, age 28 days, were given one i.v. injection of NMU, 35 mg/kg, and observed for 5 months thereafter; mammary cancer arose in 11 rats (79%), whereas other neoplasms did not appear. (ii) Twelve female S-D rats, age 28 days, were given one i.v. injection of Me3BA, 35 mg/kg, and observed for 150 days thereafter; mammary cancer was observed in 11 rats (92%) and EL in 1 rat.
Shay et aL (3) found that the gastric instillation of 3-methylcholanthrene, 2 mg daily, for many months was leukemogenic for rats of the Wistar strain but the incidence of leukemia was low; six cases of lymphatic leukemia and two of ML were detected in large groups of rats at risk. Transfer of ML (4) to other rats was obtained readily by intraperitoneal (i.p.) injection of blood from rats with ML into newborn Wistar rats. The i.p. inoculation of blood from donors with ML evoked ML that grew in pigmented form in newborn rats.
Hartmann et al. (5) fed a diet containing 2-acetylaminophenanthrene to albino rats of the Holtzmann strain for 2-4 months. The carcinogenic diet elicited three sorts of neoplasms: leukemia, mammary carcinoma, and ear duct cancer. In a series of 56 leukemias elicited in rats by 2-acetylaminophenanthrene, there was one animal with ML.
Odashima (6) reported the high incidence of EL in rats continuously receiving N-nitroso-N-butylurea dissolved in their drinking water for 4 months. Uenaka et al. (7) studied 34 cases of leukemia of various sorts that developed in rats of the Long-Evans (L-E) strain that were given N-nitroso-N-butylurea in their drinking water; 9 ofthe leukemias (26%) were classified as peroxidase-positive ML. Zeller and SchmAhl (8) elicited leukemia in rats by i.v. injections of N-nitroso-N-ethylurea, 15 mg/kg, at weekly intervals for 15 weeks and found that 15 (16%) of 91 leukemias were myelogenous. In the experiments of Gullino et aL (9) three i.v. injections of NMU, 50 mg/kg, were given to rats at intervals of 4 weeks; mammary adenocarcinoma developed in intact S-D females in high incidence (73%) and metastases to bone marrow and spleen were evident, whereas primary neoplasms, other than mammary cancer, were not observed.
Prigozhina (10) fed 7,12-dimethylbenz[a]anthracene (Me2BA), 1-2 mg semiweekly, to rats of the Wistar strain and found that leukemia, mammary cancer, and ear duct cancer appeared in the recipients; the incidence of leukemia was 47% of the animals at risk. The leukemia was designated leukosis-erythroblastosis and its gross anatomical features were remarkably uniform in the group of leukemic rats; most notable was the development ofa huge liver with infiltration of the hepatic sinusoids by leukemic cells.
In the experiments of Huggins et aL (11) a series of four i.v. injections of Me3BA (35 mg/kg) at biweekly intervals induced EL rapidly and consistently in rats of the L-E strain. Huggins et aL (12) found that a series of eight feedings of Me2BA given biweekly by gastric intubation to juvenile rats ofthe L-E strain elicited leukemia reproducibly and in high yields: females, 82%; males, 70%. Studied histologically were 56 consecutive cases of leukemia, and these were classified: stem-cell EL, 55; ML, 1. Newborn L-E rats were given subcutaneous (s.c.) injections of whole blood from donors with EL; sarcomas were elicited at the site ofinjection. The erythrosarcomas grew rapidly as large, firm, grapelike masses, which rapidly coalesced and became fixed as they infiltrated skin and muscle. It was found (12) that the erythrosarcomas induced in newborn rats by blood of rats with advanced EL are hormone dependent.
MATERIALS AND METHODS Chemicals. NMU, mp 122-123.50C, was synthesized (2) and stored in a desiccator in a refrigerator at 40C. Prior to i.v. injection, NMU (0.5 g) was dissolved in saline (100 ml).
Me3BA, mp 127-1280C, was synthesized by the method of Bachmann and Chemerda (13 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (100%) with time of detection 82.4 ± 2.7 days; (ii) ML, 10 rats (59%) with time of detection 94.8 ± 4.5 days; (iii) ear duct carcinoma, 7 rats (41%) with time of detection 113.6 ± 3.8 days.
In addition to the foregoing the following neoplasms were found: thymoma, 1; fibrosarcoma of mesentery, 1. EL was not observed. The development of ML was observed in increases in the leukocyte count (Table 2 ) and in the packed leukocytes in the stratum B of the buffycrit tubes (Fig. 1) .
Seven litters of allogeneic S-D rats, age 1-3 days, were inoculated s.c. in the scruff of the neck with blood (0.1 ml) of a male rat with advanced ML. Each litter consisted of 10 newborns. There were 5 donors; the leukocyte counts of the bloods from the donors were 47,700-227,600 per mm3. The day of inoculation of leukemic blood is denoted day 0. Small masses of tumor became palpable at the injection site after day 30. Many of the recipients developed paralysis of the lower extremities.
Necropsy was performed on day 30-50. It was found that the blood from each ofthe donors had elicited alkaline phosphatasepositive sarcoma at the injection site. The myelosarcomas were green, flat, and soft; they infiltrated adjacent musculature and compressed the spinal cord. There were 14 rats that developed paraplegia.
Characteristics of NMU-Induced ML. The following criteria of ML in rats were well defined: (i) The first physical sign of ML was splenomegaly. The spleen grew to a huge size; it was smooth, free from nodules, and readily palpable. In 11 diseasefree normal uninjected female S-D rats, the spleen weighed 0.18-0.26 g/100 g of body weight. In 12 cases of ML the spleens weighed 1.1-1.7 g/100 g. (ii) The leukocyte counts were 47,700-441,000 per mm . (iii) In all cases there was a typical hemogram consisting of abnormal promyelocytes and myelocytes containing peroxidase granules and alkaline phosphatase ( Fig. 2A) . (iv) There was an increase (above 0.2%) of packed leukocytes in the buffycrit (Table 2 ). (v) Marrow and lymph nodes were green due to an increase of verdoperoxidase (18) . (vi) Thin marrow-containing bones were green; the green coloration due to chloroleukemia was evident in the occiput and parietal bones of the cranium. (vii) There was characteristic localization of ML in the periportal region of the hepatic lobule (Fig. 2B) . (viii) There was characteristic localization of ML in the interstitial region surrounding the proximal convoluted tubules of the kidney. (ix) There was growth of characteristic soft green myelosarcoma in allogeneic newborns at the site of s.c. inoculation of whole blood from five donors with ML.
Me3BA-Induced Neoplastic Disease. (a) A group of female S-D rats was subjected to ovariectomy at age 50 days followed by a series of four i.v. injections of Me3BA at biweekly intervals. Characteristics ofEL. The most striking anatomical findings in S-D rats with EL were found in liver and spleen. In early stages, EL was distributed at random in the sinusoids of a hepatic lobule without specific geometric localization in the periportal region. In an advanced stage the liver was huge, dark red, pitted, and friable, and the hepatic edge was rounded. In advanced stages of EL the hepatic sinusoids became extensively infiltrated until the sinusoidal endothelium was replaced by cells of EL. In EL, the spleen contained strikingly impressive large white nodules. In nine cases of far-advanced EL, on day 68 the leukocyte count in cardiac blood was 9,876 ± 650 per mm3.
DISCUSSION
The carcinogens studied in this experiment have widely diverse chemical properties. Me3BA is a lipid-soluble, water-insoluble polycyclic aromatic hydrocarbon; NMU is water-soluble and acyclic. Me3BA participates in donor-acceptor complexes (1, 19) as an electron donor.
In their ability to evoke cancer in rodents, Me2BA, Me3BA, and a small number ofcongeners exceed by a factor of 2 or more other carcinogenic hydrocarbons (20) . Me2BA and Me3BA are DNA reagents (21, 22 ) that damage cells during mitosis, whereas neighboring cells in meiosis are spared from injury.
In male S-D rats a series of five i.v. injections of NMU selectively elicited in high incidence a triad of neoplasms consisting ofmammary carcinoma, squamous carcinoma ofthe periauricular sebaceous glands, and ML. EL was not observed.
In a group of 12 male S-D rats, a series offour i.v. injections of Me3BA preferentially elicited a single sort of neoplasm; EL was evoked in 6 animals. ML was not induced.
In a group of 10 ovariectomized S-D females, a series of i.v. injections elicited EL in 9 rats (90%) and mammary carcinoma in one animal; ML was not elicited.
The mammary cancers and ear duct cancers induced preferentially by NMU in intact female S-D rats resemble in histological appearance the same class of neoplasms selectively evoked by Me3BA, but the types of leukemia elicited by these carcinogens are quite different. It would appear that Me3BA specifically induces leukemia in primitive hemopoietic cells committed to erythropoiesis, whereas the blood-forming cells susceptible to induction to leukemia by NMU are committed to leukopoiesis.
